The reawakening of Mount St. Helens after 17 years and 11 months of slumber was heralded by a swarm of shallow (<2 km) volcano-tectonic earthquakes on September 23, 2004. After an initial decline on September 25, seismicity rapidly intensified, and, by September 29, M d > 2 earthquakes were occurring at a rate of ~1 per minute. A gradual transition from volcanotectonic to hybrid and low-frequency events occurred along with this intensification, a characteristic of many precursory swarms at Mount St. Helens prior to domebuilding eruptions in the 1980s. The first explosion occurred October 1, 8.5 days after the first earthquakes, followed by three other explosions over the next four days. Seismicity declined after each explosion and after two energetic noneruptive tremor episodes on October 2 and 3. Following the last explosion on October 5, seismicity declined significantly. Over the next ten days seismicity was dominated by several event families; by October 16, spacing between events had become so regular that we dubbed the earthquakes "drumbeats." Through the end of 2005 seismicity was dominated by the drumbeats, although occasional "big" earthquakes (M d 2.0-3.4) dominated seismic energy release. Over time there were significant variations in drumbeat size, spacing, and spectra which correlated with changes in the style of extrusion at the surface. Changes in drumbeat character did not correspond to variations in magma flux at the conduit, indicating that drumbeat size and spacing may be more a function of the mechanics of extrusion than of extrusion rate.
Introduction
Over 26 years of seismic history have accumulated at Mount St. Helens since the Pacific Northwest Seismic Network's (PNSN) digital recording system began operation in March of 1980. This 26-year period includes the precursory buildup to the May 18, 1980, eruption (Endo and others, 1981; Malone and others, 1981) , post-May 18, 1980, seismicity associated with the 20 eruptions occurring between and 1986 (Malone, 1983 Malone and others, 1983; Swanson and others, 1985; Swanson and Holcomb, 1990 ), quiescence between 1987 (Moran, 1994 Musumeci and others, 2002) , and the onset of the eruption in 2004. This history is made all the richer by its being recorded on a relatively dense seismic network of short-period vertical-component seismometers in place since shortly after the first earthquakes began in late March of 1980 ( fig. 1 ). Seismic data recorded by this network have been used widelyin many studies-for example: 1. Forecasting eruptions and detecting explosions (Endo and others, 1981; Malone and others, 1981; Malone and others, 1983; Swanson and others, 1983; Endo and others, 1990; Jonientz-Trisler and others, 1994) ; eruption dynamics (Qamar and others, 1983; Weaver and others, 1983; Shemeta and Weaver, 1986) ;
2. Modeling the Mount St. Helens magmatic system (Weaver and others, 1981; Scandone and Malone, 1985; Endo and others, 1990; Barker and Malone, 1991; Moran, 1994; Musumeci and others, 2002) ; 3. Interpreting the structure of the magmatic system through tomography (Lees and Crosson, 1989; Lees, 1992; Moran and others, 1999) , earthquake locations (Fehler, 1985; Weaver and others, 1987; Musumeci and others, 2002) , and b values (Endo and others, 1981; Wiemer and McNutt, 1997) ; 4. Determining the source process responsible for (Fehler and Chouet, 1982; Malone, 1983; Fehler, 1985; Norris, 1994) ; 5. Describing the stress field associated with the magmatic system (Barker and Malone, 1991; Moran, 1994; Giampiccolo and others, 1999; Musumeci and others, 2002) ; 6. Defining repetitive events (or earthquake families), including the first published study of repetitive events in a volcanic setting (Fremont and Malone, 1987) . As a result of these and other studies, by 2004 we had a fairly good working model of the magmatic system beneath Mount St. Helens. We also had a very good understanding of the character of typical eruptive and noneruptive seismicity. These perspectives proved vital to our ability to correctly assess the significance of seismicity when Mount St. Helens reawakened in 2004.
The reawakening of Mount St. Helens was heralded by a swarm of shallow (<2 km) volcano-tectonic (VT) earthquakes beginning at roughly 0200 Pacific daylight time (PDT) on September 23, 2004. Over one million earthquakes were recorded by the end of 2005, with events occurring every 1 to 5 minutes. Of these, roughly 8,000 events were located by the PNSN through the end of 2005. Many will likely never be located even with sophisticated cross-correlation and relative relocation techniques (for example, Thelen and others, this volume, chap. 4) because many are small, occur in the coda of previous events, and (or) have nonimpulsive arrivals. With such a sizable dataset we are still very much in discovery mode, and it is likely that at least some of what we present in this paper will be superseded by subsequent research. Our principal purpose is to give an overview of our understanding of seismicity that occurred before and during the eruption in [2004] [2005] , as well as to put the eruption's seismicity in the broader context of the 26 years of seismic history of Mount St. Helens.
Seismicity during quiescence, 1987-2004
Although short-term precursory seismicity began on September 23, 2004 , in a longer-term view the first precursory seismicity likely started as early as late 1987 fig. 2) , when the first of several years-long swarms of "deep" (> 3 km) VT events began (Moran, 1994) . The depth of these swarms contrasted sharply with the exclusively shallow (<3 km) precursory swarms associated with 19 of the 20 post-May 18, 1980, domebuilding eruptions (Malone and others, 1983) . In map view, the deeper events were concentrated to the north and south of the 1980-86 lava dome (Moran, 1994; Musumeci and others, 2002) , in contrast to the east-west orientation of "deep" VT events that extended to 20 km immediately after the May 18, 1980, eruption (Weaver and others, 1981; Shemeta and Weaver, 1986; Barker and Malone, 1991; Moran, 1994) . Fault-plane solutions for the post-May 18, 1980, "deep" events had tangentially oriented P axes with respect to the 1980 crater, in contrast to radially oriented P axes for post-1987 "deep" events (Barker and Malone, 1991; Moran, 1994; Musumeci and others, 2002) . The changes in stress-field orientation and epicentral distribution are best explained by a pressure decrease in the magmatic plumbing system after 1980 and a pressure increase after 1986 (Barker and Malone, 1991; Moran, 1994; Musumeci and others, 2002) . Moran (1994) argued that sizable swarms preceding the last two dome-building eruptions in 1986 were an indication of the formation of a plug in the conduit to the surface, a plug that subsequent batches of magma were unable to penetrate. The occurrence of six phreatic explosions in 1989 (Mastin, 1994 and detection of magmatic CO 2 in association with the last significant months-long swarm of deeper seismicity in 1998 (Gerlach and others, this volume, chap. 28) provide further evidence that intrusion of magma may have occurred between 1987 and 2004. Most seismicity after 1998 was concentrated at depths ~2 km below the crater floor, although occasional deeper and shallower VT events also occurred ( fig. 2) . The 2-km-deep seismicity band could represent the development of a fracture system in the base of the plug inferred by Pallister and others (1992) and Moran (1994) to extend from the surface down to 2 km. The b values for earthquakes in this depth range increased marginally from 0.8-1.0 before 1992 to 1.0-1.4 after 1992 ( fig. 3) .
The b values for events between 3 and 10 km showed no such change over the same time period, indicating that the shallow b-value change is not a result of a systematic bias in the PNSN catalog. The b-value increase, if real, could indicate an increase in the number of small fractures (Mogi, 1962 (Mogi, ) between 1991 (Mogi, and 1993 and is the type of change that would be expected in association with the fracturing of the base of a plug (Vinciguerra and others, 2001 (Bender, 1983) and are determined for nonoverlapping groups of 150 events with M d ≥0.4 (magnitude of completeness for entire interval) selected with same criteria used for earthquakes shown in figure 2.
defined as the time when hourly event counts reached sustained levels above 1-2 events per hour. The number of earthquakes increased throughout September 23, peaked midday on September 24, and then declined to a minimum early on September 25, roughly 48 hours after the swarm began. By September 24, earthquakes had become so numerous that the PNSN began locating only a subset of them, and real-time seismic amplitude measurement (or RSAM; Endo and Murray, 1991) , "webicorder," and spectrogram plots became the principal tools for tracking seismicity (Qamar and others, this volume, chap. 3 
September 25-October 1, 2004
Seismicity departed from the 2001 script midday on September 25. Instead of continuing to decline, the earthquake rate stabilized and then began to increase ( fig. 5 ). Lower-frequency events, including hybrid and low-frequency (LF) events (previously identified as type "m" and "l" events at Mount St. Helens in the 1980s by Malone, 1983 and Malone and others, 1983) , also began occurring alongside the VT events ( fig. 6 ). We elected to refer to these as low-frequency, or "LF," events rather than the commonly used long-period, or "LP," event label, as the definition of an LP event includes a specific source mechanism (that is, the vibration of fluid- or gas-filled cracks; Lahr and others, 1994; Chouet, 1996) . Experience with low-frequency events at Mount St. Helens in the 1980s indicated that other source mechanisms might be involved, and so we felt it best to use the purely descriptive "LF event" terminology without presuming a source mechanism. It should be noted that LF events commonly have extended codas at Mount St. Helens, resulting in overly large coda-duration magnitudes relative to amplitude-based magnitudes (Qamar and others, this volume, chap. 3) . The transition from VT to hybrid and LF events took place over several days, as illustrated by the earthquake spectral amplitude (or "ESAM") plot in figure 5 (see appendix 2 for details), with LF events becoming progressively more dominant through October 5. Similar transitions in earthquake types were seen in precursory swarms preceding many dome-building eruptions at Mount St. Helens in the 1980s (Malone, 1983; Malone and others, 1983) , as well as in the first week of seismicity prior to the May 18, 1980, eruption (Malone and others, 1981; Endo and others, 1981) . These transitions were also gradual, taking place over periods of hours to days. In the case of the 1980-86 dome-building eruptions, the transitions were particularly noticeable several hours before eruptions commenced and became one of the diagnostic tools that allowed for increasingly precise predictions of eruption onset times (Malone and others, 1983; Swanson and others, 1983; Swanson and others, 1985) . Such changes in event character were inferred by Malone and others (1983) to represent a shallowing of the deformation front (as suggested by slightly shallower depths for type "l" events) and were due either to the fracturing of different rock types or a change in source mechanism. In this context, the appearance of lower-frequency events on September 25, 2004, increased the likelihood in our minds that the seismic swarm would ultimately lead to an eruption.
By the morning of September 26 the earthquake rate had further intensified. By midday, maximum event sizes had also started increasing ( fig. 5 ). The increase in event rate, event size, and change in event At roughly 1600 PDT, a series of earthquakes with similar waveforms (an earthquake "family" or multiplet; for example, Fremont and Malone, 1987) began, at first mixed with other events with different waveforms (Thelen and others, this volume, chap. 4 Figure 7. Plot of P-wave arrival-time differences between station SEP and four other stations including HSR (magenta), YEL (dark blue), SHW (green), and STD (red), between September 23 and October 1, 2004. P-wave arrival-time differences were computed only for high-quality picks, with an estimated picking error of ≤ 0.05 s. Note that the absolute value of differences increases on all station pairs between September 25 and September 27. This increase was not apparent on other non-SEP station pairs and is consistent with shallowing of hypocenters.
morning of September 27, seismicity was dominated by this family, with magnitudes increasing through midday and reaching a maximum of M d 1.9 by late afternoon. This was the first clear instance of repetitive earthquakes, something that was seen frequently prior to domebuilding eruptions at Mount St. Helens in the 1980s (Fremont and Malone, 1987) and has also been observed during other dome-building eruptions, including Usu Volcano in Japan (Okada and others, 1981) , Augustine Volcano (Power, 1988) and Redoubt Volcano (Power and others, 1994) in Alaska, Guagua Pichincha in Ecuador (Villagómez, 2000) , Soufrière Hills Volcano in Montserrat (Rowe and others, 2004) , and Galeras Volcano in Columbia (R. White, oral commun., 2006). Preliminary fault-plane solutions for the larger events in this family have reverse-faulting mechanisms, in contrast to the mix of mechanisms generated during September 23-25 (appendix 1). By 1500 on September 27, the family had become less dominant, but similar events continued through September 28.
The event rate increased relatively rapidly, to 1 event per minute, around 1700 PDT on September 27, as smaller events began occurring between the larger earthquakes ( fig. 8 ). The size of the larger earthquakes also increased, with maximum magnitudes reaching M d 2.0-2.4 by midday on September 28. Most fault-plane solutions were dip-slip with a steeply dipping fault plane, in contrast to the reverse-faulting mechanisms dominant during the previous 24 hours (appendix 1). At this point, clipping of near-field (< 4 km) stations occurred frequently. As a result, smaller events were frequently overwhelmed by the codas of the larger events, making it difficult to distinguish many individual events. It also became increasingly difficult to manually pick earthquakes and determine accurate coda magnitudes, as the coda from one event would be obscured by the onset of the next event. At this point RSAM became the principal tool for monitoring seismicity ( fig. 9 ), along with helicorder records from stations increasingly distant from Mount St. Helens.
Earthquakes further intensified between 0500 and 0800 on September 29 ( fig. 8 ), when event rates increased to ~3 earthquakes per minute and maximum magnitudes rose to M d 2.4-2.8, causing CVO to issue a Volcano Advisory (or Alert Level 2) at 1040 PST (Dzurisin and others, 2005) . A second rise in RSAM levels occurred 12 hours later between 1700 and 2100 ( fig. 9 ), when maximum magnitudes increased to M d 2.8-3.3, with M d > 2 events occurring at a rate of ~1 per minute by the evening of September 29. Most faultplane solutions for these events had normal-faulting mechanisms, although there were also occasional events with many, or all, down first-motions, consistent with reverse faulting (appendix 1). One side effect of the high rate of larger earthquakes was that they began to dominate seismic recordings at other Cascade volcano seismic networks (in particular at Mount Adams, Mount Hood, Mount Rainier, and Three Sisters) as well as at regional seismic stations in Washington and Oregon, resulting in a temporary reduction in PNSN sensitivity to smaller events in a broad area around Mount St. Helens.
Following the second intensification on September 29, the rate of larger earthquakes declined somewhat, resulting in a decline in RSAM values that reached a relative minimum at roughly 0500 on September 30 ( fig. 9 ). The rate of larger earthquakes increased and decreased two more times on September 30, with RSAM values always between the minimum and maximum levels achieved on September 29. The increases did not correspond with any known changes in the crater, although temporal resolution of visual observations and measurements from other geophysical instrumentation were insufficient to detect changes on an hourly scale. Fault-plane solutions from the PNSN catalog switched from dominantly normal-faulting to reverse-faulting solutions for a short time between 2300 September 30 and 0500 October 1 (appendix 1); then, three hours later at 0800, RSAM levels again increased as a result of an increase in event rate (figs. 8, 9) . RSAM values peaked at 1100 at levels similar to previous maxima. The first phreatic explosion occurred an hour later at 1157 PDT, 8.5 days after the first precursory seismicity on September 23. This interval was one day longer than the 7-day interval between the first earthquakes and first phreatic explosion in March of 1980 (Endo and others, 1981; Malone and others, 1981) . This similarity could indicate that a characteristic time interval exists between initiation of precursory activity and initial explosive activity at Mount St. Helens. If this is the case, then the time interval presumably is governed by the structure of the shallow conduit system and surrounding country rock as well as the composition of the intruding magma.
Aside from the RSAM increase there were no obvious precursors to the October 1 explosion. The explosion began aseismically, with no obvious changes in seismicity associated with the start of the explosion (Moran and others, this volume, chap. 6) . Timing constraints for the explosion are excellent, because a CVO crew was flying around the vent when the explosion began (Schneider and others, this volume, chap. 17) . The most obvious change in seismicity occurred 6 minutes after the explosion began, when earthquakes suddenly stopped at 1203 (figs. 8, 9). This cessation was so dramatic that it caused one CVO crew working at seismic station STD ( fig. 1 ) to look up at the crater when the sound of the earthquakes, heard through a scanner tuned to the frequency of a nearby seismic station, suddenly stopped. A relatively broadband (0.5-3 Hz) tremor signal accompanied the explosion after the last earthquake at 1203 ( fig. 8) , with tremor amplitudes roughly doubling in amplitude between 1216 and 1221. At 1221 the tremor and the explosion stopped abruptly. The October 1 explosion destroyed seismic station SEP, the closest station to the earthquakes ( fig. 1 ). The loss of this station decreased the quality of PNSN catalog locations, with average hypocentral errors for well-constrained earthquakes (P waves on at least 7 stations, azimuthal gap < 135 o , nearest station within 3 km) increasing from 0.2 km in the 24 hours before October 1 to 0.34 km in the 24 hours after the explosion. This impact illustrates the importance of having seismic stations close to the source. Indeed, the loss of SEP was one of the primary motivations for the development of a seismic sensor package that could be remotely deployed at locations too hazardous for crews to work on the ground (McChesney and others, this volume, chap. 7).
October 1-October 5, 2004
Seismicity levels dropped precipitously following the 1157-1221 explosion, with the first small earthquake not occurring until roughly 3 hours later at 1515. This drop indicated that seismicity was occurring in response to elevated pressure in the conduit system, pressure that was temporarily reduced by the October 1 explosion. Hybrid earthquakes slowly increased in number and size and then rapidly increased between 1700 and 2000 on October 1, with RSAM levels eventually exceeding those of September 29-October 1. As with previous intensifications, RSAM levels flattened and then gradually declined on October 2 ( fig.  9 ). At roughly 1217 PDT on October 2, earthquakes were replaced abruptly by relatively broadband seismic tremor with dominant frequencies in the 0.5-3-Hz range ( fig. 10 ). Tremor rapidly intensified over a period of 20 minutes, to peak reduced displacement values of 28-43 cm 2 , and was energetic enough to be recorded on seismic stations over 240 km away. The energetic tremor, in combination with the October 1 explosion and continuing energetic earthquake activity, caused CVO to issue a Volcano Alert, the highest alert level. No explosions or other obvious surficial events (for example, increased steaming, small ash emissions) were observed in association with the tremor. Tremor amplitudes began decreasing shortly after the alert level change, and, by 1315, tremor had virtually disappeared. As with the October 1 explosion, earthquake rates and size decreased significantly after tremor ceased, although the drop was not as abrupt or as long-lived (figs. 8, 9, 10). Earthquake rates and sizes began increasing again around 1400, and , and, as with the October 2 episode, no eruptive plume was detected (M. Guffanti, unpublished data). Unlike the October 2 episode, earthquakes continued to occur during the October 3 tremor episode. Although earthquake rates and RSAM levels dropped after the episode and remained low for the next 12 hours, the decrease was not as great as those that followed the October 1 explosion and October 2 tremor. Around 1500 PDT on October 3, earthquake rates again began increasing, with RSAM levels peaking at 1650 ( fig. 9 ). After a brief drop, earthquake rates increased again, with seismicity dominated by many small-amplitude events. By 2100, earthquakes were occurring so close together in time that they became difficult to distinguish, forming a spasmodic tremorlike signal ( fig. 8 ). Continuous, small-amplitude tremor was likely also occurring, although this signal can only be seen in the short gaps between individual earthquakes. Earthquake rates and the tremorlike signal decreased substantially around 2305 following a small steam-andash explosion at 2240 reported by U.S. Forest Service observers at the Coldwater Ridge Visitor Center; RSAM dropped to levels similar to those from early in the day on October 3 ( fig. 9 ). Following this explosion, the number of larger (M d > 2) earthquakes decreased, with many smaller hybrid earthquakes occurring in the gaps between larger events ( fig. 8) . Earthquake rates and RSAM levels gradually increased again until another steam-and-ash explosion at 0943 PDT on October 4, and, as before, earthquake rates and RSAM levels briefly dropped following the explosion (figs. 8, 9). Shortly afterward, RSAM levels increased again, peaked at 1700 on October 4, and then gradually declined to a relative low at 2330. As with roughly two-thirds of the previous RSAM increases, the peak and subsequent decline were not associated with explosions or other anomalous surface activity. RSAM levels increased once again beginning at 0000 PDT on October 5, reaching a peak at 0600 that was maintained until the final explosion of the vent-clearing stage began at 0903. Earthquake sizes and rates began declining ~15 minutes after the explosion began and continued to decline over the next hour as the explosion continued through 1015. After the explosion, RSAM levels were lower than at any time since September 29, with the exception of the lull following the October 1 explosion. Although RSAM levels increased and decreased several times over subsequent weeks, they never again reached levels achieved before the October 5 explosion ( fig. 9 ).
Between September 29 and October 5, earthquakes were too large and occurring too close together in time for more than a fraction of all earthquakes to be detected and located by the PNSN. Using the average event rates given above, we estimate that ~30,000 earthquakes occurred over these seven days. The largest located event was a M d 3.9 on October 1, and 9 events had M d ≥ 3.5 between October 1 and October 4. To estimate the total amount of seismic energy expended during the ventclearing phase, we calibrated RSAM values at station FMW (91 km north of Mount St. Helens) using 20 of the largest earthquakes and then integrated RSAM values from FMW between September 23 and October 5. The result was a cumulative magnitude equivalent to a M d 5.5 earthquake, an order of magnitude less than the cumulative magnitude of M d 6.5 estimated for the March 28-May 18, 1980, precursory seismicity. Note that discrete earthquakes stopped when tremor started at 1217 PDT and were significantly diminished when it ended at 1310.
October 5, 2004-December 31, 2005: Seismicity Accompanying DomeBuilding
The steep decline in seismicity following the October 5 explosion caused CVO to lower its alert level to Volcano Advisory (Alert Level 2), where it remained through the end of 2005. Although RSAM levels increased again between October 6-7 and October 8-9 as a result of increasing event sizes (largest were M d 2.5-3.0), the increases were much more gradual and didn't reach September 29-October 5 levels ( fig. 9 ). Since there had been a number of more rapid increases in seismicity between September 29 and October 5 that were not directly associated with eruptive activity, we did not change our alert status at the volcano during these more gradual intensifications. We noted during both periods that earthquakes were dominated by a single event family, an attribute of Mount St. Helens seismicity that continues at the time of this writing (Moran and Malone, 2004; MacCarthy and Rowe, 2005; Thelen and others, this volume, chap. 4) . The October 8-9 earthquakes were a particularly spectacular example of an event family ( fig. 11 ). Event magnitudes systematically increased over a ~12-hour period starting 0200 PDT, then stabilized at M d 2.5-3.0 for almost 24 hours before systematically declining over a ~12-hour period back to M d 1-1.5 ( fig. 5 ). We generated hourly event stacks ( fig. 11 ) to increase the signal-to-noise ratio of the P-wave arrivals and found that first motions were down at all stations, consistent with either very shallow reverse faulting or a deeper, nondoublecouple source (such as motion along a curved surface or an implosion). The appearance of event families, taken together with the overall decline in seismic levels, the change in event character to dominantly LF and hybrid events, the relatively low gas levels (Gerlach and others, this volume, chap. 26) , and the observed deformation of the crater floor (Dzurisin and other, this volume, chap. 14), led CVO and the PNSN to believe that the most likely outcome was a new episode of lava dome building. Seismicity declined significantly following the October 8-9 earthquake sequence. From October 10 to October 16, seismicity consisted of small (M d <1) events occurring at a rate of 1-2 per minute as well as slightly larger events with longer between-event intervals. At 0200 on October 16 the number of discrete M d 1-1.5 events started decreasing, and between these events many tiny LF earthquakes appeared, spaced roughly 20 s apart ( fig. 12 ). Event magnitudes of the tiny LF earthquakes steadily increased through October 17 before stabilizing at M d ~0.5. When first observing these smaller events we noted a strong similarity to short-lived episodes of tiny, closely spaced LF events that were observed at Mount St. Helens in three separate instances associated with the 1983-84 continuous dome-building eruption (R. Norris, oral commun., 2006) . On the basis of this similarity, we inferred that these LF events likely represented the extrusion of a new dome.
"Drumbeat" earthquakes
The appearance of regularly spaced, small earthquakes on October 16 marked the beginning of the next seismic phase of the eruption, a phase that continues at the time of this writing. Seismicity in this phase was dominated by these events, which occurred at such remarkably constant intervals that we dubbed them "drumbeat" earthquakes. The drumbeats consisted of repetitive LF and hybrid earthquakes and were one of the hallmarks of the eruption in [2004] [2005] . Indeed, we know of no instances at other volcanoes when drumbeatlike events have been observed over such a long period of time. The drumbeats accompanied the regular rate of extrusion of several dacite spines (in this volume: Schilling and others, chap. 8; Vallance and others, chap. 9; Herriott and others, chap. 10; Poland and others, chap. 11; Major and others, chap. 12 (Neuberg and others, 2006) or by a pressure transient in a crack (Chouet, 1996) . Research into the drumbeat source mechanism is ongoing, and it is not our intent to present a thorough discussion of possible drumbeat source mechanisms. Instead we focus on describing general trends in drumbeat event spacing, size, and frequency content, and how changes in these characteristics correlated with dome extrusion. Figure 13 shows that, to first order, the time between drumbeats, or event spacing, changed little between October 16, 2004, and April 11, 2005 , with daily averages ranging between 40 and 80 s. An important caveat is that between October 16 and November 12, 2004, events were occurring only ~20 s apart and were small enough that many went undetected by our detection algorithm (appendix 2). After November 12 event spacing increased to ~40 s, and visual inspections show that most events were detected. Between April 12 and July 8-10 the average event spacing gradually increased to over 560 s, then briefly got shorter; on July 20 it became irregular with spacing progressively increasing. In early August the events had become too small to be detected reliably by our algorithm on station HSR. But even on stations located within 1 km of the vent, drumbeats were occurring more as random earthquakes than drumbeats. By early October 2005, they had become so infrequent, emergent, and small that we began questioning whether the seismic events we were seeing were earthquakes or other surface sources, such as ice quakes and rockfalls. However, on October 9, 2005, earthquakes began to increase in size, and event spacing became remarkably regular again, with events occurring every ~70 s. Initially, event sizes were bimodal ( fig. 13) , with a population of larger-magnitude events (peak magnitude M d ~2.5) occurring alongside a population of more frequent smaller events. The largermagnitude events gradually decreased in size until by mid-November 2005 there was just a single dominant event size. Event spacing began increasing in midDecember and, by the end of December 2005, had again become irregular.
Event Spacing
One important qualification to the drumbeat story is that many small earthquakes recorded on stations located inside the crater in 2004-2005 were not drumbeats. This was particularly the case from May through July of 2005, when the spacing between drumbeats increased significantly ( fig. 13 ). As drumbeats decreased in size and number starting in mid-June, there was a factor of 15 difference between numbers of detected events at station MIDE (located ~200 m from the vent) and station HSR (2.5 km from the vent) between May 20 and July 18, 2005 ( fig. 14) . Some of the events detected at MIDE were rockfalls, but most were earthquakes that were too small to be recorded on stations > 0.5 km from the vent. The events recorded on MIDE and other nearfield stations lacked the regular spacing characteristic of drumbeats, and relative amplitudes and arrival-time patterns between MIDE and other near-field stations indicate that many were occurring within the extruded spines.
Event Size Distribution
There was a complex relation between drumbeat event spacing and event size. In general, increases in event spacing corresponded to increases in event size and visa versa ( fig. 15 ). For example, on December 16, 2004, average drumbeat magnitudes were M d ~1.5 and were spaced ~90 s apart, whereas on December 23, 2004, average magnitudes had decreased to M d ~0.5 and were spaced ~40 s apart (although occasional M d 1.0-1.5 events still occurred). If drumbeats are a result of stick-slip motion along a common fault plane and the steady extrusion rate corresponds to a constant slip rate (or stress accumulation rate) along the fault plane, then smaller drumbeats must be closer together if extrusion rate and seismic energy release are to remain constant. However, for seismic energy to have remained constant (Vallance and others, this volume, chap. 9) . A mid-April 2005 drop in energy release, when event rates declined noticeably ( fig.  13) , coincided with the breakup of spine 4 and transition to spine 5, and another energy drop in mid-July coincided with the breakup of spine 5 and transition to spine 6 (Vallance and others, this volume, chap. 9). The correlation between transitions in extrusion style at the surface and changes in seismic energy release suggests that drumbeat seismicity was controlled to a certain extent by mechanics of extrusion at the surface. Support for this interpretation comes from the observation that Note that decline in events at HSR starting around June 13 is not seen at MIDE, evidence that many events detected on MIDE were occurring close to the station and were due to a process distinct from that responsible for the drumbeats.
extrusion rates determined from digital elevation models (DEM) computed periodically throughout the eruption (Schilling and others, this volume, chap. 8) remained relatively constant despite fairly substantial changes in seismic energy release. In particular, the extrusion of spine 6 was associated with a significant drop in event rate and size from mid-August through early October of 2005, as described above. However, three DEMs spanning August-October 2005 show that the rate of extrusion remained roughly constant during the lull in seismicity. This lack of correspondence indicates that the rate and size of drumbeats may have been more a function of changes in extrusion mechanics than changes in magma flux through the conduit. Changes in extrusion mechanics that could have influenced earthquake occurrence include changes in the angle of extrusion (which would affect clamping forces), changes in the locus of extrusion, and (or) changes in the frictional properties along the conduit margin through rate hardening/softening or other processes. A further complexity in the relation between event sizes and event spacing is that, although there clearly were extended periods of time when larger drumbeat events were followed by longer gaps, there also were many instances when larger events were followed by short gaps and smaller events followed by larger gaps. This complexity is not predicted by models that marry drumbeats with the regular extrusion rate (Iverson and others, 2006; Iverson, this volume, chap. 21; Mastin and others, this volume, chap. 22) . If the drumbeats were a result of a stick-slip source, then this complexity indicates that drumbeats at times occurred at multiple locations within a complex network of shear zones, with individual faults having individual loading and unloading . Although a general relation is seen between event size and inter-event time, particularly through mid-February (top two plots), the slope decreases over time, indicating that seismic energy release was declining as event spacing was increasing. Two linear features in the top two plots correspond to a sufficiently strong secondary phase arriving ~20 s after the P-wave at HSR to be occasionally detected as an event.
histories somewhat independent of those on other faults. It remains to be seen if individual drumbeat families (Thelen and others, this volume, chap. 4) had a more direct relation between event size and event spacing. A final general characteristic of drumbeat magnitudes was their magnitude-frequency distribution over time. Most commonly, drumbeats occurred with a single dominant event size and, in general, did not follow a Gutenberg-Richter relation. This is consistent with the repetitive nature of the drumbeats and implies that source dimensions as well as location varied little between individual drumbeats. However, there were also time periods when event amplitudes appeared to follow a Gutenberg-Richter relation ( fig. 13 ), in the sense that a greater number of small events occurred than large events. We note that there is no relation between event size and event spacing during many of these time periods, which also implies that multiple seismic sources were active at the same time.
P-wave Spectra
With a thousand or more events occurring per day, it was difficult to notice changes in event character over time, although obvious variations from the norm, such as the sporadic occurrence of VT events, were noted, usually within hours. One means we used for tracking changes in drumbeat character was to plot event spectra over time (see appendix 2 for details).
Earthquake spectral amplitude (ESAM) plots in figures 5 and 13 show that seismicity transitioned from hybrid events following the October 5 explosion to LF events by October 9 and was dominated by LF events (peak frequencies in the 2-3-Hz range) through early January 2005. Between January 8 and 25, hybrid events occurred along with LF events ( fig. 16) fig. 16 ). In both cases, peak P-wave frequencies were in the 12-16-Hz range on station HSR. Hybrids again occurred alongside LF events between October 9 and November 18, with peak P-wave frequencies in the 4-6-Hz range and a weaker band between 14-16 Hz ( fig. 13 ). These frequency changes are most notable on stations HSR and SHW, two stations located 2.5-3 km from the vent. Changes in event appearance are also apparent on station YEL, ~1 km from the vent (the closest station to have operated throughout the entire eruption), but peak frequencies for the hybrid events are 4-5 Hz, suggesting that the path to YEL attenuates much of the highfrequency energy apparent on flank stations.
The four instances of concentrated hybrid occurrence all coincide with transitions in spine extrusion, as well as with several changes in event amplitude and (or) event spacing described above. The best example of this was July-August 2005, when seismicity switched from dominantly LF to dominantly hybrid events. A time- Figure 16 . Examples of hybrid (top) and low-frequency drumbeats (bottom) as recorded at station HSR in January, May, and July 2005. Hybrid drumbeats were relatively rare and occurred in temporal clusters that are clearly visible on ESAM plot in figure  13 . Such clusters correspond to transitions between actively extruding spines. lapse sequence of photos ( fig. 17 ) from a remote camera located on the northeast edge of the crater (Poland and others, this volume, chap. 11; Major and others, this volume, chap. 12) shows that the hybrid events began as the south end of spine 5 stopped moving on July 20, resulting in differential motion within the spine. As time progressed the resultant shear zone moved northward, until finally spine 6 split away from spine 5 and began moving westwards around August 9-10. (Vallance and others, this volume, chap. 9) . Hybrid seismic events occurred to varying degrees during each of these transitions, a correlation that suggests a direct relation between hybrids and motion of the spines after extrusion from the vent. One speculative model is that the hybrids are a result of differential shearing occurring along the base of the spine during spine transitions, whereas the LF events, which do not have as clear a relation to changes in spine motion after extrusion, occur at shallow depths along the conduit margin.
"Big" Earthquakes
Another intriguing aspect of post-October 16, 2004, seismicity was the occasional occurrence of larger, or "big" (M d > 2.0, M max = 3.4), shallow earthquakes. The first of these was a M d 2.4 earthquake at 2048 PST on November 15, 2004, that was followed by 11 others over the next two weeks (fig. 18 ). These earthquakes were notable because they were much larger than the regular drumbeat events (fig. 19 ). They generated much interest both internally and with the public, because they could be seen easily in the real-time digital helicorder plots displayed on the PNSN Web site (Qamar and others, this volume, chap. 3) . Also, they often caused large rockfalls that, in turn, generated ash plumes which frequently rose above the crater rim. The onset of the "big" events coincided with spine 3 encountering the south crater wall, as demonstrated by DEMs (Schilling and others, this volume, chap. 8) and by a GPS station on the south flank that began moving southwesterly at about the onset time of the larger earthquakes (Dzurisin and others, this volume, chap. 14; Lisowski and others, this volume, chap. 15) . Spine 3 was likely in a state of uniaxial compression at this point, and the coincidence of its south-wall impingement and the occurrence of larger events suggests a causal relation.
The larger events cannot be distinguished from larger drumbeat events based on the PNSN catalog magnitudes alone, as drumbeats tend to have long codas that yield overly large M d values relative to magnitudes determined using amplitudes. We therefore arbitrarily define larger events as those post-October 2004 events with Despite their size, the larger earthquakes are similar in several ways to the drumbeat events. Like the drumbeats, they are classified as either LF or hybrid events. Roughly 40 percent have impulsive arrivals on most stations, and, like the drumbeats, many of the events with impulsive arrivals have most or all down first motions (appendix 1). Many of the impulsive larger earthquakes have higher frequencies at the start of the event and are classified as hybrid events, whereas the emergent events are dominantly LF events. Clipping of near-field sites makes event-family detection difficult, but on-scale recordings at broadband station JRO (~8 km from the vent; fig. 1) show that, although many of the larger events are dissimilar, there was at least one set of events occurring between December 2004 and April 2005 with similar waveforms (fig. 20) . The similarity indicates not only that at least some of the larger earthquakes occurred in the same place with the same mechanism, but that the structure on which they occurred remained intact over a 4-month time span.
Spectra for drumbeats and the larger events are also similar. fig. 1 ) for 48 hours between 1700 PST on November 28 and 1700 PST on November 30, 2004, showing ten "big" earthquakes occurring along with regular drumbeats. Note that no change in drumbeat spacing or size occurs before or after larger earthquakes, indicating that source processes are separate and distinct from one another.
stations for both events have relatively flat curves for frequencies < 1 Hz, a well-defined corner frequency at 1-2 Hz, and a ω 2 decrease in frequency content at higher frequencies, all characteristics of tectonic earthquake spectra (Brune, 1970 fig. 21 ) of 1-2 Hz for all spectra, a frequency that is independent of distance and magnitude. One implication of this observation is that if the source is stick slip in nature, then the source duration is independent of source area. A source area independent of event size indicates that event magnitude is primarily a function of source displacement, rather than a combination of fault area and displacement as it is for tectonic earthquakes. This implies that the principal mechanical difference between drumbeats and "big" events is the amount of slip. If the earthquakes reflect stick-slip faulting within or at the periphery of the rising, rapidly solidifying magma plug (Iverson and others, 2006; Thelen and others, this volume, chap. 4; Iverson and others, this volume, chap. 21) , then it is not surprising that the source area for these events is limited, since ruptures can not propagate far outside of high-strain regions. The source duration of such a stick-slip event would then be a combination of the duration of motion of any part of the rupture surface and the area over which the rupture spreads, with the duration of this spreading being a function of the rupture velocity.
Locations for the impulsive larger events are more concentrated than drumbeat locations ( fig. 22) , although epicenters are still spread over a 1×1-km area centered on the vent. Some of this scatter is likely due to changes in station geometries and inaccuracies in the shallow velocity model (inaccuracies which, due to constantly changing velocity structure caused by the ongoing eruption, varied through time). Some is also due to picking uncertainties, as arrival times, particularly on close-in stations, are difficult to pick to within ~0.1-s accuracy for all but the most impulsive events. However, some of the location scatter is real, the best evidence for which comes from differences in relative P-wave arrival times at stations placed close to the vent. As an example, figure 23 shows records on four crater stations from two events recorded ~9 hours apart on February 10 and 11, 2005. For the February 10 event, the P-wave arrived first at station BLIS (250 m east of the vent) and ~0.4 s later at AHAB (located 250 m southeast of the vent on top of spine 4); whereas for the February 11 event, the P wave arrived only 0.02 s later at AHAB. There was little change in relative P-wave arrivals at stations SEP and NED (~500 m north-northwest and ~500 m north-northeast of the vent, respectively). These patterns indicate that the February 11 event was located midway between AHAB and BLIS (350 m apart including altitude differences), whereas the February 10 event was located close to BLIS, a difference of as much as ~175 m (depending on P-wave velocities) between the two events. The 0.4-s difference in arrivals for the first event also implies remarkably low P-wave velocities (< 1-2 km/s) at shallow depths, which is likely due to Although many "big" events do not have similar waveforms, the fact that some do indicates that these events on occasion occur at the same location with the same source mechanism. The 4-month time span between these four events also indicates that the structure on which these events occurred was not destroyed over that interval.
AHAB and BLIS being placed on top of hot and highly fractured rock and crater-filling deposits (rockfall debris and ashfall deposits from the 1980 eruptions). Hypotheses for the larger earthquake source include fracturing of new rock (formation of new pathways to the surface), fracturing within spines before or after extrusion, lurching of the active spine in a large-scale stick-slip event, or an implosive-type mechanism. Of these, we consider implosive sources to be the least likely. Although implosions are consistent with alldown first-motion patterns observed for many of the impulsive events, none of these events were observed in association with explosions or significant degassing events. In addition, the extremely low levels of magmatic gases emanating from the vent (Gerlach and others, this volume, chap. 26) make it unlikely that sizable gas or steam-filled cracks or pockets are able to accumulate below the surface and collapse to produce these events. Fracturing of new rock is also an unlikely process, as we would not expect to see repeating events or events with all-down first motions. Also, such a process would presumably not result in the emergent arrivals that we see at most stations in roughly half of the larger events. Fracturing within the spines is consistent with the observation that three of four large seismicevent clusters occur in association with the breakup of individual spines. However, events with all-down first motions are inconsistent with the observed failure mode in the spines, which occurred largely on shear, normal, and tensile fractures. Since the spines were, with one exception, higher than the seismometers, these failure modes would produce either a mixture of first motions or, in the case of normal faulting, dominantly up first motions. In addition, repetitive events spanning several months (and different spines) are incompatible with in-spine fracturing, as the fractures are destroyed in the spine breakup process. Lurching of the active spine is our preferred hypothesis for the larger events, as lurches are consistent with shallow reverse faulting or upwards thrusting of a piston that is indicated by the all-down first motions as well as with long-lived event families. The fact that at least some events are located beneath the spine away from the vent indicates that they may have occurred along the interface between the base of the spine and the old crater floor. Since the 1980 crater floor is composed largely of ash and rockfall debris that fell from the crater walls in the years following the May 18, 1980, eruption, this interface likely is irregular and separates two poorly consolidated rock bodies. These lithologic and structural aspects could explain the emergent character of many larger seismic events and their low-frequency nature.
Volcano-Tectonic (VT) Earthquakes
Following the initial VT-rich days of the ventclearing phase, VT events were a minor component of seismicity at Mount St. Helens. On a daily basis we scanned through seismic records in search of VT events, as we felt that VT events, especially those deeper than 2-3 km, might be an indicator either of a surge of new magma entering the system or adjustment of the magmatic system to magma withdrawal-and thus a potential harbinger of the eruption's end. VT events occurred as isolated events throughout the eruption and had small magnitudes (M d < 1), shallow (< 2 km) depths, and epicenters similar to those for the drumbeats and larger events. The most notable occurrence of VT events was a swarm of over 70 small (M d < 0.3) shallow earthquakes occurring between December 27, 2005, and January 4, 2006. The VT events in this swarm occurred independently of the LF drumbeats, in some cases occurring just tens of seconds before or after a drumbeat ( fig. 24) . This swarm appears quite clearly in figure 13 , as only the VT events were large enough to pass our amplitude threshold for the ESAM plot during this time period. Poor weather obscured the volcano from view during this interval, but tiltmeters located on the 1980-86 lava dome showed slight inflation while VT events were occurring, in contrast to deflation before and after (D. Sherrod and M. Lisowski, oral commun., 2006) . Other periods of deflation, however, do not coincide with VT events, so we are uncertain whether this relation is coincidental. Given the lack of correspondence of VTs to any obvious changes in eruption dynamics or mechanics of extrusion, our best guess is that the VT events represent fracturing of more competent rock in the crater floor, such as basaltic andesite lava flows from the Castle Creek period (age 2200-1895 yr B.P.) that underlie much of the 1980 crater (Clynne and others, this volume, chap. 28 ).
Summary-Patterns and Trends in Mount St. Helens seismicity, 2004-2005
In several intriguing ways the precursory sequence of September 23-early October 2004 was similar to those prior to the May 18, 1980, eruption and the 20 eruptions that followed during 1980-1986. The 8-day-long interval between the first earthquakes and the first phreatic explosion on October 1, 2004, is close to the 7-day interval seen in March of 1980 (Endo and others, 1981; Malone and others, 1981) , suggesting a characteristic time interval for magma to reach the surface once it begins to move. In addition, the transition from VT events to hybrid and LF events starting September 25, 2004, was broadly similar to transitions in event type seen prior to many of the dome-building eruptions in the 1980s (Malone, 1983) . The occurrence of the event families, starting with the first significant family on September 26, 2004, is also similar to occurrence of event families before and during 1983-86 dome-building eruptions (Fremont and Malone, 1987) as well as in association with many other dome-building eruptions (for example, Okada and others, 1981; Power, 1988; Power and others, 1994; Villagómez, 2000; Rowe and others, 2004) . In retrospect, the combination of eventtype transition and occurrence of event families on September 25 could have given us an early indication of the expected nature of eruptive activity at Mount St. Helens, although that knowledge would likely not have changed how CVO and the PNSN reacted to the developing seismic crisis. A summary observation from the September 29-October 5 period is that, of the hours-long increases in seismic intensity, only four of twelve occurred prior to explosions ( fig. 9) . Furthermore, seismic energy levels had stabilized at least an hour prior to two of the four explosions (October 1 and October 5). Thus we find no statistical basis for using short-term increases in RSAM or other measures of seismic energy to make short-term forecasts of explosive activity.
The drumbeats and "big" earthquakes associated with the dome-building eruption represent a relatively new type of seismicity at Mount St. Helens that, with a few exceptions, was not a dominant characteristic of 1980-1986 seismicity. Efforts to characterize the nature of the drumbeat source are ongoing and likely will be the subject of research papers for years to come. Relatively new results with fascinating implications have already emerged from several field experiments run during 2004 and 2005, including the finding of infrasonic pulses associated with some drumbeats (Matoza and others, 2006) and the discovery of possible very long-period (VLP) earthquakes in association with some of the larger drumbeats (G. Waite, oral commun., YEAR). These results provide evidence that processes operating at both deep (~500 m) and shallow (surface) levels are involved in the generation of drumbeats. The complexities in the relation between event spacing, event size, event spectra, and extrusion rate discussed in this paper, as well as in Thelen and others (this volume, chap. 4) , further illustrate that the drumbeat source process is complex.
Finally, an important lesson that was reemphasized by the rapid escalation of seismicity during the first week of the eruption is that conditions can quickly become too dangerous to deploy additional seismometers after a volcano awakens. We were fortunate that the Mount St. Helens network installed in 1980 Helens network installed in -1983 crater stations SEP (formerly REM) and YEL, was still in place and functional in 2004, as many of the events from the first two days were poorly recorded on stations outside of the crater. As the seismic crisis progressed, however, the limited dynamic range of the short-period analog stations was frequently exceeded at seismometers in the crater and on the flanks, resulting in lost information about seismic energy, spectral content, and event similarity. In addition, the absence of broadband three-component instruments in the crater meant that information was lost about the presence or absence of very low-frequency signals and about source mechanisms for all types of events. As discussed by McChesney and others (this volume, chap. 7), seismicity intensified so rapidly during the first several days that we were unable to safely install such instruments in the crater. An important goal for seismic monitoring networks at any potentially active volcano should be to have seismometers, including broadband seismometers, installed at locations close to the presumed vent well before unrest begins.
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Analyst-driven earthquake location quickly became infeasible as a means for tracking the course of the eruption (Qamar and others, this volume, chap. 3) , so over subsequent months we developed methods for detecting events automatically and recording several event parameters of interest. Figures 5, 13 , and 14 show results from one such method, a standard triggering algorithm that uses the ratio of average seismic amplitudes computed over short-and longterm time windows, as applied to station HSR ( fig. 1 ). We chose HSR over other stations for three principal reasons. (1) It is a sensitive site that usually records even small earthquakes cleanly. (2) Wind noise is usually insignificant. (3) After a gain reduction on October 4, 2004, no changes were made to the site (McChesney and others, this volume, chap. 7). We used averaging windows of 1 s and 8 s for the short-and long-term averages and a triggering ratio of 2.3 that was determined to be optimal for HSR through trial and error. To avoid multiple triggers from the same event we skipped forward 6 s after each trigger. We also devised station-specific algorithms for distinguishing between noise glitches (including telemetry and/or Internet dropouts, radio interference, and calibration pulses) and events, although some glitches still made it through our filters. To test the impact of such noise-induced event detections, we visually scanned through helicorder plots for selected time periods and removed glitches that had been recorded as events. Although the resulting plots were cleaner, the fundamental trends were unchanged; in essence, noise was overwhelmed by the shear number of earthquakes.
For each detected event we recorded the peak amplitude over the next 6 s (usually the S wave at HSR), the time gap between successive events, and the normalized power spectra for the first 256 samples following the P-wave arrival (or 2.56 s with the 100-Hz sample rate used by the PNSN and CVO for all shortperiod stations). We chose to look only at spectra for the first 2.56 s (256 samples) following the event trigger, as full-event spectra were dominated by surface-wave energy and were thus not useful in detecting subtle changes in source spectra particularly between hybrid and LF events. We only show spectra for events with amplitudes greater than 300 counts (M d ~1.0), as our algorithm commonly triggered on the S-wave for events smaller than this threshold. The resulting spectra plots, which we dub ESAM (Earthquake Spectral AMplitude) plots, proved to be more useful for assessing changes in earthquake source frequency than standard spectrograms of continuous seismic data, particularly since eruptionrelated seismicity was dominated by discrete seismic events.
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